We present a theoretical description of the almost temperature independent mobilities of photoinjected electrons or holes in discotic liquid crystals. Using data from band structure calculations on triphenylene-based systems, we calculate the electron and hole mobility using the framework of the stochastic Haken-Strobl-Reineker model. We show how almost temperature independent mobilities can be explained in two ways, either by assuming the fluctuations of the tunneling matrix element to be small or by combining the different temperature dependences of the different modes of molecular thermal motion.
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I. INTRODUCTION
Organic materials with high charge carrier mobilities are of fundamental interest for a variety of technical applications. The highest charge carrier mobilities (10 Ϫ1 ...1 cm 2 /V s) 1 have been measured in high purity organic single crystals which are, however, difficult to produce and process. Therefore, the use of other forms, such as thin films and discotic liquid crystals, has been suggested. The dislike monomers of planar substances often self-organize into columnar stacks that lead to a favorable -overlap of the aromatic cores of the molecular units. In this way, onedimensional pathways for charge transport are generated that explain the measured high charge carrier mobilities of 10 Ϫ3 ...10 Ϫ1 cm 2 /V s. 2, 3 Attached to the aromatic core molecules are long aliphatic side chains that lead to the liquid crystalline behavior and subsequently to the easier handling of these substances.
The theoretical models presented so far have focused on a static disorder description in which the charge migration is described as a random walk in a rough energy landscape, including thermally activated jumps over barriers and tunneling. 4 This approach is correct if the disorder is truly static ͑e.g., defects͒ or if the molecular motions of the molecules are slow, so that a migrating charge carrier experiences a quasistatic environment. Effects stemming from fast molecular motions have to be treated differently. In order to quantify when a molecular motion is considered fast or slow we introduce the average time ⌬t that a migrating charge carrier needs to travel one intermolecular distance along the stack. If ⌬t is smaller than the inverse oscillation frequency of the monomers, we consider the disorder to be static. In the opposite case, we speak of dynamic disorder. Regarding the influence of truly static disorder, it has been argued 6 that misalignment of columns or permanent dislocations should be removed as soon as the system enters the liquid crystalline phase.
In this paper we present a dynamic disorder approach that considers the incoherent charge carrier motion to be entirely generated by the fast motion of the molecular units in a stack and assumes that no static disorder is present. Using the results of band-structure calculations we have performed on triphenylene-based discotic liquid crystal systems, we show how the fluctuations in the hopping matrix element of a charge carrier between two monomers generate the incoherent charge transport and calculate the electron and hole mobility along the columnar axis. In particular we focus on the explanation of the almost temperature independent mobilities found in some liquid crystalline systems. 3, 4, 6, 7 This paper is organized as follows. In Sec. II we introduce the theoretical model used to describe the charge carrier motion. In Sec. III the parameters that enter this model are calculated using the results of band-structure calculations. The results for the electron and hole mobility are presented in Sec. IV and we summarize the findings in Sec. V.
II. THEORY
The Haken-Strobl-Reineker model [8] [9] [10] [11] provides a convenient description of charge carrier transport phenomena in organic crystals. In addition to the coherent charge carrier motion, the influence of lattice and other vibrations is taken into account in a stochastic way by assuming the site energies ⑀ n (t) and the hopping matrix elements J n (t) to fluctuate in time. For next-neighbor interaction on a one-dimensional chain of identical molecules with equal equilibrium distances, this leads to the Hamiltonian
where c n † (c n ) creates ͑destroys͒ a charge carrier at site n. The site energy and the hopping matrix element can be decomposed into a constant part that describes the coherent charge carrier motion in a completely rigid lattice and a fluctuating part with zero mean: ⑀ n (t)ϭ⑀ϩ␦⑀ n (t) and J n (t)ϭJ ϩ␦J n (t), where ⑀ϭ͗⑀ n (t)͘ and Jϭ͗J n (t)͘. The brackets ͗͘ represent the thermal average over all molecular vibrations. For the fluctuations, a Gaussian Markovian process with zero mean is assumed. In addition to the assumptions made by Haken, Strobl, and Reineker, we assume the fluctuations ␦J(t) to be real. The second moments are assumed to have the form
͑3͒
where ␥ 0 is a measure for the size of the fluctuations in site energy ͑diagonal fluctuations͒ and ␥ 1 a measure for the size of the fluctuations in the transfer matrix element ͑nondiago-nal fluctuations͒. Assuming a very short correlation time c that allows the replacement of the exponential decay in Eqs.
͑2͒ and ͑3͒ by a ␦-function, i.e., J c /បӶ1, Haken, Strobl, and Reineker ͑HSR͒ obtain the diffusion constant for the migration of a charge carrier along the chain
with x eq being the equilibrium distance between two adjacent molecules in the chain. The first part of this diffusion constant describes the charge carrier motion that is generated by nonlocal fluctuations and is referred to as the incoherent part. The second part, sometimes called the coherent part, vanishes as J→0 and describes the band motion that is hindered by local as well as by nonlocal fluctuations. From this expression, the charge carrier mobility can readily be calculated using the Einstein relation
with e being the electric charge of the migrating particle, k B being Boltzmann's constant, and T being the temperature.
For the example discussed in this paper, however, J c /ប is not always a small quantity. For example, for a typical hopping matrix element of 10 meV, the correlation time c needs to be smaller than 6.6ϫ10 Ϫ14 s. If, however, the relation
if fulfilled for both ␥ϭ␥ 0 and ␥ϭ␥ 1 , a generalized version 12 of the Haken-Strobl-Reineker model can be used. In this case, the diffusion constant again consists of an incoherent and a coherent part, the latter of which again vanishes for J→0. For the systems considered in this paper, the contribution from coherent diffusion is small and we only consider the incoherent part that is given by
with a function
that can be expressed by complete elliptic integrals of the first and second kind. 13 For J c /បӶ1, the sum F approaches unity and we recover the Haken-Strobl-Reineker model. For J c /បϾ1, however, F is much smaller than unity and leads to strongly reduced values for D and .
III. DETERMINATION OF J AND ␥ 1
In this section we calculate the averaged tunneling matrix element J and the magnitude ␥ 1 of its nonlocal correlation function using band-structure calculations we have performed on stacks of triphenylene molecules. In particular, we have calculated the bare hopping matrix element J bare (x,) for electrons and holes in a stack of C 24 H 24 O 6 molecules which represent the core molecules for a variety of triphenylene derivatives. The computational method used is the valence effective Hamiltonian ͑VEH͒ method, which is known to provide reliable estimates of the transition energies and the band gap in conjugated systems. 14, 15 The molecular structure of the monomer used in the calculation has been optimized at the semiempirical AM1 level 16 and yielded a structure very similar to a previously reported one. 17 In the calculations, we have included two degrees of freedom (x,). The longitudinal motion of the molecules along the principal axis of a stack is described by the distance x between two adjacent molecules and the rotation around this axis is described by the torsion angle about which two neighboring molecules differ. In the following, we calculate the average of J bare (x,) over the longitudinal and rotational mode of the chain of molecules. Taking into account the threefold symmetry of the triphenylene molecules with respect to rotation around the columnar axis, we fit the simulation results with a function From X-ray measurements on different triphenylene derivatives, it is known that the equilibrium distance between two adjacent molecules is x eq Ϸ3.6 Å, with small deviations depending on the length and the type of the side chains. 3 For simplicity, we assume x eq to be independent of temperature, although small changes with temperature have been observed. For some substances, the ordering of the molecules in a stack with respect to rotation around the columnar axis has been investigated and a helical ordering has been found. The observed average torsion angles vary from ϳ33 to 45.5°. 18, 19 We will assume an average rotation angle of eq Ϸ45°.
Introducing variables with zero mean, yϭxϪx eq and ϭϪ eq we rewrite Eq. ͑9͒ as
͑10͒
The numerical values for AЈ, BЈ, C l Ј , and S l Ј are given in Table I .
After a straightforward calculation, we obtain for the thermal average of J bare (y,) in the classical limit,
where T ϭT/300 K is the reduced temperature and the coefficients b x and b can be expressed by the mean square deviations ͗y 2 ͘ and ͗ 2 ͘,
͑12͒
An interesting fact is the different dependence on temperature for the two types of motion. Because of the exponential dependence of the hopping matrix element J bare on the intermolecular distance, the thermal motion of the molecules along the columnar axis leads to an exponentially increased average value. The opposite is true for the angular dependence. With increasing temperature, the rotational contributions are exponentially damped. inertia by much larger, effective quantities. Up to this point, only two modes of intermolecular motion have been taken into account. Other possible motions are tilting movement that leads to nonparallel triphenylene cores or the sidewards motion of a triphenylene molecule partially out of the column. In the case of the tilting mode, we believe that its influence on the tunneling matrix element is small, since the total overlap between the molecular orbitals remains almost unchanged. The out of column motion will generally decrease the value of the tunneling matrix element. In the present treatment, however, we assume this effect to be small compared to the contribution by the y and modes.
In the following, we consider the magnitude ␥ 1 of the nondiagonal fluctuations. We obtain for the nondiagonal correlation function in the classical limit,
The functions S x () and S () are given by
where we have omitted appropriate indices x or referring to which type of motion is described. In the first case ͑internal dephasing͒, the dephasing is caused by the dispersion of the phonon frequencies for which a constant density of states has been assumed in the interval 0 Ϫ⌬... 0 ϩ⌬, with ⌬ Ӷ 0 . In the second case, an external process is assumed, which causes dephasing on a time scale c Ͻ 0 Ϫ1 . In the present case, the long side chains attached to the triphenylene core molecule will have a strong influence on the dephasing of the core motion and therefore we use the second option ͑external dephasing͒. For the sake of simplicity we assume the correlation time to be the same for both the rotational and the translational mode.
Clearly, in the general case, the correlation function ͗␦J n (t)␦J n (tϩ)͘ does not follow the simple exponential decay law required by Eq. ͑3͒. However, for small values of b x and b , the decay can be described well by an exponential. We therefore calculate ␥ 1 by equating the integrals over the assumed ͓Eq. ͑3͔͒ and over the calculated ͓Eq. ͑13͔͒ correlation function and obtain 
if we assume a charge of one e. T c is the correlation time in units of 10 Ϫ12 s. While the first three prefactors are stable with respect to small changes in the Fourier coefficients C l Ј and S l Ј , the prefactor 11.9 stems from a cancellation of larger terms and therefore varies considerably when using a different fitting procedure. Its numerical value should be considered with care. The corresponding mobility HSR for the original Haken-Strobl-Reineker model can be obtained by simply omitting the factors F in Eq. ͑17͒. Both mobilities and HSR become independent of temperature in this limit. This follows quite generally from the assumption of small fluctuations and remains true also if other degrees of freedom for the molecular motion are taken into account.
IV. RESULTS
A. Small fluctuations
In this section we discuss the charge carrier mobility in a triphenylene-based liquid crystal assuming that the thermal motion of the molecules has a small amplitude which leads to small fluctuations in the tunneling matrix element.
As described after Eq. ͑17͒, the temperature dependence of the mobility is generally very weak in this regime. Taking small mean square deviations ͑at room temperature͒ of ͱ ͗ 2 ͘ϭ5°and ͱ ͗y 2 ͘ϭ0.1 Å that lead to the coefficients b x ϭ0.0305 in the case of electron hopping and b x ϭ0.0365 for the hole hopping, and to b ϭ0.0343 in both cases, we obtain a linear rise of about 10% over the temperature range 300...400 K.
In Fig. 4 we show the mobility at room temperature (T ϭ300 K͒ for these values of b x and b as a function of the correlation time c . The mobility calculated with the Haken-Strobl-Reineker model differs strongly from the mobility obtained from the generalized model. The reason for this is the violation of the assumption that J c /ប can be considered as a small parameter which, in turn, allows the replacement of the exponential correlation function by a ␦-function. For very small correlation times, however, the inequality J c /បӶ1 is fulfilled and the two curves coincide.
The Haken-Strobl-Reineker model leads to a mobility that is proportional to the correlation time c . This dependence is strongly suppressed by the additional factor F in the generalized model and leads to a logarithmic dependence on c . Since the hopping matrix element J is larger for the hole, the factor F in Eq. ͑7͒ is smaller in the case of the hole and leads to a smaller hole mobility at large correlation times in the case of the generalized model.
The mobility calculated with either model is proportional to b x and b and therefore also proportional to the mean square deviations ͱ ͗y 2 ͘ and ͱ ͗ 2 ͘ at a certain temperature.
With the generalized Haken-Strobl-Reineker model and for the small values for the mean square displacements chosen in Fig. 4 , we reproduce the experimentally observed weak temperature dependence of charge carrier mobilities observed in some discotic liquid crystals and approach the measured order of magnitude with values between 10 Ϫ3 ...10 Ϫ1 cm 2 /V s. In Fig. 6 we show the same plot for a system with only the translational mode along the columnar axis. Here both models result in monotonically increasing mobilities as functions of temperature.
Allowing for both modes of molecular motion simultaneously, we obtain a curve that shows a mixture of the two temperature dependences discussed above. Depending on the ratio of the coefficients b and b x , it is thus possible to construct a temperature independent mobility even in a region where the b T and b x T are not small quantities anymore.
Both models result in too large mobilities compared to the values that have been obtained experimentally, with an additional factor of approximately ten in the case of the original Haken-Strobl-Reineker model. This may be explained by the fact that we have neglected static disorder. Truly static dislocations and defects as well as slow molecular motions may strongly reduce the value of the mobility.
V. SUMMARY
In this paper we have investigated the electron and hole mobility of a triphenylene-based discotic liquid crystal system. The experimentally observed weak temperature dependence in some systems can be explained in two ways.
By assuming small fluctuations of the molecules about their equilibrium positions, temperature independent electron and hole mobilities follow quite generally. The magnitude of the mobilities in the case of small fluctuations is only slightly larger than the experimentally observed values.
If the fluctuations are not small, the mobilities in general show a temperature dependence. Nevertheless, a combination of different modes of molecular motion may lead to a cancellation of the temperature dependence in some temperature interval. However, the magnitude of the mobilities obtained with this approach is too large and the inclusion of static disorder effects needs to be considered.
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